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    Phytophthora pini Leonian, recently re-established from P. citricola 
I, is a pathogen with a wide range of forest and nursery hosts. It causes foliar 
infections in horticultural nurseries in Oregon, where recirculating irrigation 
systems are common.  Increased use of recirculating irrigation systems may 
contribute to disease caused by waterborne plant pathogens.  
Simulated nursery chamber experiments were utilized to investigate the 
relationship between Phytophthora pini zoospore inoculum dose and disease on 
Rhododendron. Disease incidence in this system was unexpectedly low despite 
high inoculum levels tested, so further experiments under lab conditions were 
conducted to explore possible causes. 
  Detached leaf assays were conducted to determine how inoculum dose, 
leaf wounding, and agitation of zoospore inoculum affected foliar infection of 
Rhododendron. Wounded and nonwounded leaves were dipped into suspensions 
of zoospores that were either untreated, mechanically agitated by vortexing to cause encystment, or pumped through an irrigation sprayer system. Disease 
severity (lesion area) and incidence (number of lesions per leaf area) were 
measured over seven days. 
  At inoculum levels of ≥10,000 propagules/mL, motile zoospores infected 
both wounded and nonwounded leaves.  Vortexing or pumping resulted in 
zoospore encystment, and inoculation with these treatments caused disease 
almost exclusively on wounded leaves.  No disease symptoms were observed 
following inoculation with any inocula at ≤ 2,000 propagules/mL.  
Scanning electron microscopy of leaves inoculated with encysted 
propagules showed germinated cysts with hyphae growing over and around 
stomata without entering leaf tissue until reaching a wound site. Nonwounded 
leaves inoculated with motile spores showed stomata penetrated by hyphae. 
  These findings indicate the importance of zoospore motility in reaching 
suitable infection sites, and demonstrate the impact of zoospore encystment on 
disease development. This has implications for disease management in 
nurseries where pruning wounds are common and the pumping of infested 
irrigation water may influence zoospore motility and infectivity. 
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 Chapter 1: Introduction 
 
The genus Phytophthora 
Plant pathogens belonging to the genus Phytophthora are responsible 
for some of the most destructive plant disease epidemics in recorded history. 
The Great Irish Potato Famine and the more recent outbreak of Sudden Oak 
Death are notable examples of epidemics caused by species within this genus 
(P. infestans and P. ramorum, respectively). Phytophthora species, originally 
classified as true fungi, are now referred to as oomycetes and classed as a 
distinct group of eukaryotic organisms belonging to the “super-kingdom” 
Chromoalveolates (Beakes et al. 2012). Phytophthora species are obligate 
parasites, closely related to stramenopiles (diatoms and brown algae) and 
evolved from a photosynthetic ancestor. Phytophthora no longer have a 
chloroplast, but retain a number of photosynthesis-related genes most closely 
related to those in diatoms (Beakes et al. 2012).  
  Phytophthora species (commonly referred to as water molds) are 
characterized by motile propagules (zoospores).  They are frequently detected 
in natural waterways as well as in irrigation ponds utilized in nursery crop 
production centers (Figure 1.1). In recent years, there has been increased 
implementation of re-circulating irrigation systems in commercial nurseries 
across the country and on an international scale (Themann et al. 2002; Bush 
et al. 2003; Werres et al. 2007). While these systems are desirable for 	 ﾠ 2	 ﾠ
environmental and financial considerations, they also carry exacerbate the 
infestation of nursery irrigation ponds by Phytophthora and other plant 
pathogenic species (MacDonald et al. 1994; Hong et al. Moorman 2005).  
Relevance to nursery crop production 
Economic losses associated with infested irrigation water must be 
considered not simply in terms of tangible crop loss but also from the 
perspective of lost profits. Profit loss associated with plant disease is a serious 
threat to nursery production centers in Oregon and beyond, although the focus 
of this study was the Oregon nursery industry.  It is important to maintain the 
repuation of Oregon nurseries as an exporter of clean nursery stock given the 
industryʼs substantial contribution to the Oregon state economy.  Toward this 
end, numerous studies have been conducted to devise cost-effective and 
efficient disease management strategies for commercial nurseries 
implementing re-circulating irrigation systems Ewart and Chrimes 1989; Runia 
1995; Hong et al. 2002; van Os et al. 1999). Techniques such as slow sand 
filtration, chlorination, ozonation, and UV radiation have been derived from this 
research and implemented in nursery growth operations with varying success. 
There is a serious need for continued research in this area  Inadequate water 
management and the subsequent spread of plant pathogens to uninfested 
production areas may cause plant mortality or elicit a fear-based response 
with the potential to diminish nursery crop sales.  The response to the 	 ﾠ 3	 ﾠ
outbreak of P. ramorum in the last decade, on an international scale, is 
illustrative of this phenomenon (Werres at al. 2001; Rizzo et al. 2005; USDA-
APHIS—PPQ 2005; Brasier 2008). 
 
  
Figure 1.1.  Aerial view of an irrigation pond for a nursery crop 
production center in Yamhill Co., Oregon. Increased implementation of 
recycled irrigation systems in recent years has significantly impacted the 
occurrence and spread of plant pathogens, including those in the genus 
Phytophthora.  
The disease triangle 
  Contamination of irrigation water by plant pathogenic species such as 
those in the genus Phytophthora does not drive disease development alone; 
other factors are involved. A common representation of primary factors in the 
development of plant disease is the Disease Triangle (Figure 1.2). The 
presence of a virulent pathogen, a susceptible host plant, and a conducive 
environment are each necessary for the development and spread of disease 
(Agrios 2005). Factors such as temperature and duration of leaf wetness are 
particularly relevant to disease development (Erwin and Ribeiro 1996; Tooley 
Irrigation Pond 
Greenhouse Production Area 
     
 
Field Production Area 	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et al. 2009). As a key component in the success or failure of disease 
development, environmental conditions constitute an active area of research.  
 
Figure 1.2. The Disease Triangle, a visual representation of 
components necessary for successful plant disease development, 
includes the presence of a virulent pathogen, a susceptible   host, and 
a conducive environment (Agrios 2005). 
  A more complex rendering of factors associated with disease 
development is the Disease Pyramid (Figure 1.3) (Agrios 2005). In this 
visualization, additional factors, such as time or human activity, are considered 
in concert with environmental, pathogen, and host requirements for disease 
development. The Disease Pyramid is not as widely referenced in plant 
pathology literature, as is the Disease Triangle; many researchers believe the 
impact of human activity to be implicit in the Disease Triangle. In the context of 
horticultural crop production, however, the human element is more intimately 
associated with the development and spread of disease than in a woodland 
setting.  International importation of horticultural crops harboring invasive plant 	 ﾠ 5	 ﾠ
pathogens, unsanitary nursery crop production conditions, application of 
fungicides to counter the spread of plant pathogens, and inter-state commerce 
of potentially infected plant material, are all examples of how the human 
element takes on increased importance. The practice of watering crops with 
recirculated irrigation water may also be added to this list.  This research 
addressed the critical need to understand the interaction of factors associated 
with plant disease development, and provides information for the development 
of water management strategies in horticultural crop production facilities.   
 
Figure 1.3. The Disease Pyramid, an alternative visualization of 
factors impacting the development of plant disease (Agrios 2005). 
 
Research goals  
This research addressed two aspects related to foliar infection by 
Phytophthora pini: i) dose response, as in determining the minimum threshold 
of propagules needed for sustained infection and ii) the viability and infectivity 
of zoospores of P. pini in the context of a recirculating irrigation system. Two 	 ﾠ 6	 ﾠ
approaches were employed.  The first consisted of a novel, small-scale 
recirculating irrigation system designed to simulate conditions in which 
commercial nursery stock are typically grown. Experiments conducted within 
this test system are referred to as Simulated Nursery Chamber (SNC) trials 
hereafter. The second approach consisted of a series of lab-based 
experiments focused on understanding nuances of disease development when 
variables such as zoospore encystment and foliar wounding are considered in 
concert with agitation of propagules within a recirculating irrigation system. 
The in-lab experiments build on information gathered from the SNC trials in 
that pertinent questions regarding propagule condition after exposure to pump 
agitation were investigated in a controlled setting, a condition not possible 
when conducting experiments within the simulated nursery chambers. 
 
Pathogen background 
  The Phytophthora isolate (Pc98-517.p2) used for all experiments was 
originally identified as ʻPhytophthora citricola.ʼ  It was collected in 1998 from a 
Rhododendron cv ʻPJM Compactaʼ plant at a nursery in Gaston, OR 
(Washington County).  P. citricola Sawada was first discovered on Sekkan 
orange fruit in Taiwan during the late 1920ʼs (Sawada 1927; Erwin and Ribeiro 
1996). Waterhouse, in her monographic treatment of Phytophthora, advocated 
a broad, morphologically based species concept for the genus, and treated 
other, similar species as synonyms of P. citricola (Waterhouse 1956). As a 	 ﾠ 7	 ﾠ
result, isolates morphologically similar to the original citrus isolates were 
identified as P. citricola (Waterhouse 1956; Hoitink and Schmitthenner 1969; 
Erwin and Ribeiro 1996).  Advancements in cellular biology and molecular 
sequencing techniques have resulted in a deeper understanding of 
Phytophthora lineages and a new, phylogenetically based species concept 
has emerged. It is evident that several genetically distinct species were 
clustered under the former morphologically based P. citricola complex. 
Examples of such species include P. multivora (Scott et al. 2009) and P. 
plurivora (Jung and Burgess 2009).  Sequencing of the isolate used in the 
present study, including sequences for both the cox genes and the ITS region, 
determined its identity to be Phytophthora pini Leonian (W. Sutton and V. 
Fieland, personal communication).  
An independent molecular determination of the isolate was also 
performed for this study.  Samples of the Phytophthora isolate were extracted 
and amplified with the Sigma Extract_N_Amp plant PCR kit using the primer 
set DC6 (Cooke et al. 2000) and ITS4 (White et al. 1990).  PCR products were 
purified prior to sequencing using ExoSAP-IT (USB, Cleveland, Ohio). 
Sequencing was performed by the Center for Genome Research and 
Biocomputing Core Laboratory at Oregon State University using an ABI Prism 
3730 genetic analyzer (Applied Biosystems, Foster City, California).   
Sequences were identified by querying the ITS Blast search function 
(Altschul et al. 1997) at Phytophthora-ID (http://phytophthora-	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 ﾠ
id.org/ITSBLAST).  The top five sequences producing significant alignments 
were 100% matches to our submitted sequence.  All five were on the branch of 
the phylogenetic tree assigned to Phytophthora pini when it was resurrected 
as a distinct species by Hong et al. 2011.  
  In summary, P. pini was first described in 1925 but was reduced to 
synonymy with P. citricola by Waterhouse in 1956.  It was recently 
reintroduced as a distinct species (Hong et al. 2011). As a result, species 
identity in older Phytophthora literature is ambiguous; it is often unclear which 
species was involved in a particular study. Differences in the level of 
pathogenicity between species cleaved from the P. citricola species complex 
may exist, however, little work has been done in this area. For this reason, 
disease symptoms typically ascribed to foliar infection by P. citricola senso lato 
served as the basis for disease assessment in this study. 
  P. pini is a “warm season” Phytophthora with an optimal growth 
temperature of 30°C and a minimum/maximum temperature range of 5 - 35°C.  
P. pini is homothallic with paragynous antheridia.  Sexual reproduction results 
in the production of oospores (19.6 - 34.2 μm in size). Asexual reproduction 
involves the release of heterokont zoospores from sporangia that are 47.4 x 
31.5 μm in size. The sporangia of P. pini are ovoid in shape and persistent on 
the stalk. Chlamydospores are not commonly produced (Hong et al. 2011).  
Oospores are robust propagules possessing the capability to over-winter in a 
sheltered location such as within fallen plant debris in a nursery setting. The 	 ﾠ 9	 ﾠ
life cycle of P. pini resumes when conditions become conducive for disease 
development with the arrival of the next growing season.  
 
Figure 1.4. The Phytophthora life cycle. Sporangia (a) can germinate 
directly (b1) or differentiate and form zoospores (b2). Upon release (c), 
zoospores in proximity to a susceptible host begin the infection process 
by encysting (d1). Zoospores that fail to locate a host (d2) also encyst 
but  produce  a  secondary  zoospore  in  lieu  of  a  germ  tube.    Inset: 
magnification of a zoospore showing physiological structures (Deacon 
et al., 1998).  
During asexual reproduction, sporangia of Phytophthora species each 
typically produce 15 - 20 zoospores (Erwin and Ribeiro 1996).  If conditions 
are unfavorable for infection, sporangia of P. pini may produce a germ tube 
rather than zoospores. Zoospores behave similarly in response to unfavorable 
conditions through a process known as re-emergence during which they 
encyst releasing a secondary zoospore in lieu of a germ tube with which to 	 ﾠ 10	 ﾠ
initiate infection (Otaye 2005). The capability to delay development until 
conditions are more suitable or until a host plant is located is a beneficial, yet 
energy-depleting, tactic; Phytophthora species are plant parasites ultimately 
relying on exogenous energy sources. 
Zoospores are the presumed primary infective agent of Phytophthora 
species (Widmer 2009).  However, because zoospores of Phytophthora 
species lack cell walls, they are also the most vulnerable propagule produced 
(Banko et al. 2006; Tjosvold et al. 2008). Zoospores have been shown to 
encyst in response to many factors, including: agitation, exposure to certain 
plastics, contact with a host plant, and adverse environmental conditions.  
During encystment, zoospores shed their flagella, assume a rounded shape, 
develop a cell wall, and secrete an adhesive material that allows the cyst to 
adhere to a host during the infection process.  Infection begins with the 
production of a germ tube that penetrates host tissue directly or enters through 
natural openings, such as stomata, or wounds.  
  P. pini can cause foliar blight and shoot dieback on many economically 
important crops worldwide. Symptoms of foliar infection include darkened 
lesions spreading along the leaf surface or twig dieback at the top of the 
canopy (Figure 1.5). Root rot presents as foliar wilting in response to loss of 
fine roots (Erwin and Ribeiro, 1996).  
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Figure 1.5.  Foliar lesions caused by P. pini on Rhododendron cv 
ʻCatawbiense Boursaultʼ. 
The disease cycle of P. pini in a nursery setting 
  If present in the irrigation water of a nursery production center, P. pini 
can become established on plants in a number of ways. Inoculum, in the form 
of sporangia or zoospores, may enter the plant production area by way of 
overhead irrigation.  Propagules landing on leaves can cause foliar infection, 
while propagules splashed onto soil near host plants may infect roots or 
contribute to foliar infection.  Phytophthora species have a polycyclic life cycle, 
and the contribution of secondary inoculum produced on infected leaves can 
cause new foliar infections.  The pathogen may also find its way into irrigation 
runoff, allowing it to spread to uninfested areas of the nursery production 
center.  This is particularly problematic in horticultural operations implementing 
recirculating irrigation. Oospores produced during sexual reproduction readily 
over-winter within fallen plant debris as well as in soil and gravel, producing 
sporangia the following season resuming the life cycle of the organism.   	 ﾠ 12	 ﾠ
Research objectives 
 
The objectives of this study were to: 
 
i) determine if the Simulated Nursery Chambers (SNC) are appropriate as a 
small-scale nursery replica in which to investigate the effect of inoculum dose 
and recirculating irrigation on development of disease; 
 
ii) understand the importance of initial inoculum dose as it relates to disease 
development; 
 
iii) answer fundamental questions related to the motility, viability; and infective 
potential of zoospores exposed to agitation within a recirculating irrigation 
system; 
 
iv) determine if the presence of a foliar wound site significantly contributes to 
the success of infection by immobilized zoospores. 
 
  The first two objectives are addressed in Chapter 2 with whole plant 
experiments conducted under nursery conditions with the SNC.  In Chapter 3, 
dose response is revisited and the last two research objectives are addressed 
with detached leaf assays carried out in a laboratory setting.    
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Chapter 2: Phytophthora pini dose response in Rhododendron 
cv ʻCatawbiense Boursaultʼ using a simulated nursery 
chamber with recirculating irrigation  
 
Introduction 
 
  Dose response studies yield information about the epidemiology of 
plant pathogenic species, such as the minimum threshold value of propagules 
needed to initiate a successful disease epidemic (Hansen et al. 2005; Banko 
et al. 200006; Widmer 2009; Tooley et al. 2009). Propagule abundance is 
critical during pre-infective stages of the pathogen life cycle because a greater 
population of propagules located near a suitable host plant increases the 
chance that infection and epidemic disease levels will occur.  Zoospores 
release, detect, and respond to signal molecules directly associated with 
essential processes of homing and encystment, including communal behaviors 
such as aggregation, comparable to quorum sensing documented in bacteria 
(Nealson and Hastings 1979; Surette and Bassler 1998; Miller and Bassler 
2001; Kong et al. 2009). Aggregation is dependent on threshold concentration 
of signal molecules, making zoospore abundance a necessary factor to 
evaluate (Kong et al. 2010).   
  Initial inoculum density constitutes the foundation on which the course 
of a subsequent epidemic is based.  Therefore, dose response studies can 
contribute vital information to the development of disease models. Equipped 
with this information and knowledge of other factors influencing disease 
development such as temperature or leaf moisture, growers can implement 	 ﾠ 14	 ﾠ
irrigation water test protocols resulting in more timely, effective disease 
management practices. 
SNC design 
  The SNCs were designed and constructed in the summer of 2006 (N. 
Ochiai, personal communication). They consist of a recirculating irrigation 
system that mists plants housed within a plastic enclosure.  The enclosure 
maintains a level of humidity conducive for disease development and also acts 
as a barrier to contain Phytophthora spores and avoid inter-chamber spread of 
disease (Figure 2.1). Water is pumped from the water storage tank through a 
mister positioned above the plants. Irrigation water is captured in a gravel-filled 
bin, draining down into a water storage tank from which it is pumped and again 
misted over plants during the subsequent irrigation cycle.  The design allows 
for adequate replication and access to multiple sampling points. 	 ﾠ 15	 ﾠ
 
 
Figure 2.1: Diagram of the Simulated Nursery Chamber design used in dose 
response studies (Ochiai and Parke, unpublished).  
 
Preliminary trials 
  Three preliminary SNC trials were conducted at the USDA North Farm 
agricultural research station near Corvallis, OR during the summer/early fall of 
2006 (Ochiai and Parke, unpublished) (Table 2.1). The same P. pini isolate 
(Pc98-517.p2) and host plant (Rhododendron ʼNova Zemblaʻ) were used in 
each preliminary trial.  The focus of preliminary trials was to establish basic 
epidemiological relationships for waterborne inoculum of Phytophthora species 
in nurseries utilizing overhead recirculating irrigation. 
Water storage 
tank
Gravel-ﬁlled
bin
Mister
Plastic 
enclosure
Pump
40”
40”
29”
23”
40”	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  Dose response trials entailed a one-time spike of P. pini zoospores to 
the water storage tanks of sixteen simulated nursery chambers. Treatments 
consisted of sixteen levels of zoospore inoculum clustered into five groups, 
including a negative control consisting of zoospore-free water (Table 2.1). 
Inoculum was poured directly into the chamber water storage tanks 24 hr prior 
to the placement of host plants in the enclosure of each simulated nursery. 
Five leaves per plant were wounded with a sterilized thumbtack on the first 
day of the trial, with five more leaves wounded a week later. Plants were 
irrigated for 10-min intervals, five times daily. Each trial lasted five weeks. 
Sampling 
  Two 500 mL water samples were collected weekly from the SNC water 
storage tanks.  Samples were baited with leaf discs of Rhododendron cv ʻNova 
Zemblaʼ and incubated for two days before being plated on a Phytophthora-
selective agar medium containing the antibiotics pimaricin, ampicillin, and 
rifamycin (hereafter referred to as ʻPAR,ʼ containing antibiotics quantities of 20, 
200, and 10 mg/L, respectively). Plates were monitored for growth of P. pini 
over a period of two weeks. Pathogen abundance in the water storage tank 
was rated as present (+) or absent (-). 
   Plant tissue was collected at the conclusion of each preliminary trial; 
symptomatic roots, crowns, stems, leaves, and shoots were plated on PAR.  
Potting media and gravel samples taken from directly beneath inoculated 
plants were combined in a one-gallon Ziploc® bag with an equal volume of 	 ﾠ 17	 ﾠ
distilled water and baited for P. pini. Leaf baits were plated on PAR after four 
days of incubation, and the development of P. pini colonies was enumerated 
over a period of one week.  
Results of preliminary trials 
  Of the three preliminary trials, only trial one, initiated July 21
st, resulted 
in disease development, with symptoms appearing on plants in five of the 
sixteen SNCs.  Application of the highest inoculum level resulted in the 
earliest, most severe infection, yet P. pini was not consistently detected in 
water storage tanks after August 2, two weeks into the trial duration.  This 
suggests a decline in sporulation, which could have been caused by multiple 
factors, including temperature irregularities, inadequate leaf moisture, or lack 
of available foliar infection sites once plants became severely diseased.  It is 
not possible to say which of these caused the decline. 
Table 2.1. Season, temperature, inoculum dose, and disease incidence (DI) 
observed during preliminary SNC trials at dose levels of 3, 6, 10; 19, 25, 32; 
108, 120, 133; 196, 215, 234; 405, 424, and 443 zoospores/mL. 
Temperatures °C 
Date  Average  Minimum  Maximum  DI 
July-August  20  7.7  39.4  5 of 16 
October  10.5  -3.05  25  0 of 16 
November  3.8  -6.5  13.8  0 of 16 
 
  Disease occurrence was less pronounced on plants in SNCs inoculated 
with the lower inoculum doses tested; however, P. pini was continually 
detected in most of the chamber water storage tanks. The pathogen was 
either sporadically or never detected in SNCs with asymptomatic plants. No 
disease occurred during the second or third preliminary trial, even at the 	 ﾠ 18	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highest inoculum dose tested. Ochiai and Parke (2006) hypothesized that 
ambient temperatures occurring during preliminary trials 2 and 3 were too low 
for development of P. pini because its optimum growth temperature is 30°C 
(Hong et al. 2011). 
Preliminary trials: remaining questions  
  The 2006 preliminary trials demonstrated the utility of the simulated 
nursery chambers for investigations regarding the relationship between 
inoculum dose and disease development in the context of recirculating 
irrigation.  However, the low levels of disease and sporadic pathogen detection 
observed in preliminary trials indicated that improvements to the system were 
critical before the SNCs could be considered a reliable test system. The 
following changes in experimental design were undertaken for the current 
study: 
1) to forgo foliar wounding;  
2) to inoculate host plants immediately;  
3) to improve temperature control.  
 
The manner in which each of these changes was addressed is described 
below. 
 
Foliar wounding 
   The appropriateness of wounding as an inoculation technique in 
studies of foliar disease development is debated within plant pathology 
literature. The introduction of a wound to host tissue increases the likelihood of 
infection due to removal of the hostʼs protective wax cuticle (Hansen et al. 
2008; Granke et al. 2010).  In a commercial nursery setting, the presence of 	 ﾠ 19	 ﾠ
wounds may represent the rule rather than the exception, as plants are subject 
to injury from a number of different sources (i.e., insect damage, wind damage, 
rough handling). Even routine maintenance of plant canopies by pruning 
exposes plants to the risk of infection. Wounding a subset of leaves in the 
context of a whole plant study focused on foliar disease development 
dynamics could serve to limit the legitimacy of findings since increased 
variability in disease incidence may occur as a result of wounding, thereby 
obscuring the effect of dose treatments (Taylor 2011). Therefore, foliar 
wounding was not used in the SNC trials reported here. 
Inoculation timing 
  In preliminary trials, zoospore suspensions were not immediately 
passed through the irrigation system and applied to plants. Rather, inoculum 
was added to chamber water storage tanks one day prior to the placement of 
plants within the enclosure. Zoospore motility is believed to be important for 
the orientation of spores to the host plant surface; proper orientation is critical 
to successful infection.  For this reason, zoospores are considered the primary 
infective agent of many Phytophthora species (Widmer 2009).  However, the 
zoosporeʼs lack of a cell wall renders them also the most vulnerable 
Phytophthora propagule produced, as lysis more readily occurs in the absence 
of a supportive cell wall (Banko et al. 2006; Tjosvold et al. 2008). Zoospore 
encystment, rapidly initiated at times in response to various triggers, can 
mitigate the consequences associated with lack of a cell wall, resulting in 	 ﾠ 20	 ﾠ
formation of the more durable cyst propagule to see the organism through the 
critical infection phase. If zoospores are not proximate to their host or 
conditions are unfavorable for disease development, they have been known to 
encyst and release a secondary zoospore instead of producing a germ tube 
(Otaye 2005). With each successive wave of reemergence, zoospore energy 
reserves decrease and more importantly, their relative infectivity may also 
decrease.  To avoid introducing variability in this regard, inoculation of plants 
during SNC trials reported here occurred following zoospore production and 
quantification.  
Temperature control 
  Temperature exerts a crucial influence on the successful infection and 
subsequent spread of a multitude of plant pathogenic organisms.  P. pini is 
considered a ʻwarm seasonʼ Phytophthora (Hong et al. 2011), a designation 
seemingly corroborated by the fact that SNC trials (2 of 3 carried out by 
Ochiai) conducted at the USDA North Farm during cooler months of the year 
resulted in the least disease incidence of all SNC experiments to date. 
Greenhouses at the USDA North Farm were not equipped to heat the 
experimental site to temperatures optimal for P. pini during the cooler months 
of the year.  As a result, SNC Trials 2 and 3 took place at a greenhouse on 
OSUʼs main campus where an ideal temperature range was maintained with 
regulation of a steam heating system. 
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Recent SNC Trials  
Materials and methods 
  Three SNC trials were conducted from summer 2009 to summer 2010. 
Trial 1 was carried out at the USDA North Farm; Trials 2 and 3 were 
conducted in a greenhouse located at the Oregon State University (OSU) main 
campus (Table 2.2).   
Table 2.2. Timeline and location of SNC trials. 
Trial #  Date  Location 
Trial 1  Nov-Dec 2009  USDA NF 
Trial 2  Feb-Mar 2010  OSU 
Trial 3  May-Jun 2010  OSU 
 
Host plants  
  Two-inch Rhododendron plants propagated by tissue culture (Briggs 
Plant Propagation, Elma, WA) were grown in a mixture of potting media and 
fine bark in a greenhouse for one year. Plants were fertilized once a month 
(Azalea, Camellia, and Rhododendron Food, 30-10-10, Miracle-Gro®). At the 
start of SNC trials, plants were about 12” tall averaging 38 leaves per plant. 
Four plants were placed in each of the 16 SNC chambers. 
Stock culture storage and inoculum production 
  Cultures of P. pini were maintained at room temperature on the 
Phytophthora-selective agar medium, PAR. Inoculum was produced by 
growing mycelial mats of P. pini in agar comprised of 1/3 V8 broth (1 part 
Campbells V-8 juice and CaC03 [1 g/100 mL V8] and 4 parts water) for a 
period of 3-4 days. Sporangia production was induced by replacement of the 	 ﾠ 22	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1/3 V8 broth with filtered, autoclaved water from a local creek (Oak Creek, 
Corvallis OR) and incubating plates for 7-10 days.  Zoospore release was 
induced by rinsing colonized agar strips with distilled water, chilling at 5ºC for 1 
hour, and warming to room temperature for an additional hour. After zoospore 
release the suspension was filtered through nylon mesh (35-µm opening) 
(Aquatic Eco-systems, Inc., Apopka, FL) to remove sporangia and hyphal 
fragments. For SNC Trial 1, zoospores were quantified with a particle counter 
(Beckman Coulter, Brea CA).  Quantification of inoculum for SNC Trials 2 and 
3 was conducted microscopically using a hemocytometer. Zoospore 
suspensions were diluted with distilled water to achieve the inoculation 
concentration target for each experiment. 
Inoculation procedure 
  SNC trials were begun with the application of P. pini zoospore 
suspensions with the pump-spray head (Figure 2.1). Chambers were 
inoculated individually, with the intake irrigation tubing submerged into a 
beaker containing 300 mL of a known concentration of zoospores.  Five 
zoospore concentrations were tested with three replicates per treatment, 
including a negative control of zoospore-free distilled water (Table 2.3). To 
ensure that plants were exposed to just one dose of inoculum, run-off from the 
initial inoculation event was collected directly below the gravel bin rather than 
allowed to drain down into the chamber water storage tank. However, this did 	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not preclude small amounts of residual inoculum from washing into the water 
storage tanks subsequently. 
Table 2.3. Inoculum doses (zoospores/mL) applied for SNC Trials 1 – 3. A 
total volume of 300 mL zoospore suspension was applied to each water 
storage tank. 
Dose (zsps/ml) 
100 
1,000 
10,000 
100,000 
   
  Irrigation frequency and duration were controlled with a timer. Plants 
were watered in 10-min increments, 5 times per each 24-hr period during the 
4-week duration of each trial. Leaf moisture was visually assessed several 
times a day, and supplemental irrigation was provided via misters to all 
chambers whenever leaf surfaces appeared dry. A consistent volume of water 
in each chamberʼs water storage tank was maintained.   
Data collection  
In SNC Trial 1, air temperature within the SNC plastic enclosure was 
recorded using WatchDog sensors (Spectrum® Technologies, Inc., Plainfield, 
Il).  Temperature for SNC Trials 2 and 3 was recorded every 5 min with a 
CR1000 datalogger (Campbell Scientific, Inc. Logan, Utah) in conjunction with 
107-model temperature probes (Campbell Scientific, Inc. Logan, Utah).  Leaf 
moisture (LWS model, Decagon Devices, Pullman, WA), relative humidity 
(Vaisala Temperature/Relative Humidity Probe, Campbell Scientific) and solar 
radiation (Apogee SP-110 Pyranometer, Campbell Scientific) were also 	 ﾠ 24	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recorded.  Sensor data output was recorded with a personal computer running 
Campbell Scientificʼs PC 400 software (v. 1.5).  
  Disease incidence (DI), defined as the number of infected plants per 
chamber, was determined by frequent examination of plants for disease 
symptoms.  For each evaluation period, plants were rated as positive (+) or 
negative (-) for disease, and a corresponding description of the symptom was 
recorded. False positives (i.e., foliar blemishes suspected to be caused by P. 
pini in early stages of the trial but clearly not disease symptoms by the trialʼs 
end) were eliminated from the final analysis. Disease incidence data obtained 
from SNC Trials 1, 2, and 3 was rank-transformed and analyzed using 
ANOVA. Each respective trial was considered a block, with the main effects 
tested being block, dose treatment, and the interaction of block and treatment.  
The presence of P. pini in the chamber water storage tanks was verified 
by the use of rhododendron leaf baits in water samples collected at 24 and 48-
hr post- inoculation, and weekly thereafter for the trial duration. At each 
sampling, two 500 mL water samples were collected from each chamber water 
storage tank. Care was taken to collect samples near the surface of the water 
because zoospores of Phytophthora species display negative geotaxis 
(Cameron and Carlile 1977). The baited water samples were incubated at 
room temperature (19-20°C) for three days.  At the end of the incubation 
period, baited tissue was plated on the Phytophthora selective medium to 	 ﾠ 25	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determine if P. pini was present in the water storage tank at the time the 
sample was collected. 
SNC Results - Disease incidence  
 
Disease developed in response to each dose tested in SNC Trials 1-3 
(Table 2.4). Plants in the control group 
did not develop disease, an indication 
that the SNC chambers were effective in 
containing P. pini spores. Disease 
symptoms began to appear one week 
after inoculation (Figures 2.2 and 2.3). 
No significant differences in disease 
incidence occurred among the 
inoculum doses and there was no interaction between dose and block (Table 
A1 Appendix A). 
Table 2.4. Mean disease incidence by dose at the conclusion of SNC Trials 1, 
2, and 3. Disease incidence is expressed as the percentage of symptomatic 
plants per chamber.  
Dose 
(zsps/ml)  SNC 1  SNC 2  SNC 3 
100  58  75  50 
1,000  58  75  50 
10,000  33  67  58 
100,000  58  33  67 
 
 
 
Figure	 ﾠ2.2:	 ﾠShoot	 ﾠdie-ﾭ‐back	 ﾠon	 ﾠ
Rhododendron	 ﾠcv	 ﾠ‘Catawbiense	 ﾠBoursault’	 ﾠ
caused	 ﾠby	 ﾠP.	 ﾠpini.	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Figure 2.3. Infection with time across SNC Trials 1, 2, and 3. The two highest 
inoculum doses resulted in higher mean levels of disease, however 
differences among dose levels were not significant. 
 
Emergence of new infections and pathogen presence in water 
storage tanks over time  
   
New infections appeared as SNC trials progressed, and P. pini was 
consistently detected in the water storage tanks.  The occurrence of new 
infections declined sharply after Week 1, corresponding to the time when, the 
presence of P. pini in chamber water storage tanks was greatest. This trend 
continued for the remainder of the trials such that the overall rate of new 
infections declined more sharply than did pathogen presence in the water 
source (Figure 2.4). ANOVA showed that differences for both emergent 
infections and presence of P. pini in water storage tanks were not statistically 
significant on the basis of inoculum dose (Table A2 and A3 Appendix A). 
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However, these results were significant when analyzed on the basis of sample 
period (Table A4 and A5 Appendix A). 
 
Figure 2.4. Emergence of new infections with time (top) and number of water 
storage tanks + for P. pini (bottom) for combined data from SNC trials 1, 2, 
and 3. 
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Discussion 
 
Low disease incidence: studies using zoospore-based 
inoculum  
 
  The results of recent SNC trials are consistent with findings from other 
studies conducted with zoospore-based inoculum suspensions in a 
recirculating irrigation system. A pattern of low disease incidence despite 
consistent detection of the test pathogen in the irrigation source has been 
frequently reported. The difficulties associated with use of zoospore inoculum 
suspensions can complicate the interpretation of experimental results and 
subsequently diminish their usefulness in an applied nursery setting.  
  Hansen et al. (2005) tested the relative effectiveness of artificial 
inoculation methods using zoospores of P. ramorum. They reported 
inconsistent disease incidence for treatments consisting of spray-applied 
zoospore suspensions.  This was attributed to zoospore encystment in 
response to agitation associated with the spraying process, although this was 
not specifically tested.  Cysts of Phytophthora species have been shown to 
retain infectivity; however, the degree of infectivity and whether it differs 
among species within the genus has not been well studied (Dijksterhuis and 
Deacon 2003; Ahonsi et al. 2010).  Hansen et al. (2005) excluded spray 
treatments from their final data analysis.  
Tjosvold et al. (2008) used leaf baits to determine P. ramorum 
propagule abundance in streams passing through highly infected woodland 
areas of California. Water from baited streams was also applied to host plants 	 ﾠ 29	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(Rhododendron cv ʻCunninghamʼs Whiteʼ) via a pump-based irrigation system 
to determine the extent of the threat these propagules pose for landowners 
and commercial nursery production centers utilizing infested streams in their 
irrigation regimes.  Weekly sampling verified the pathogenʼs presence in the 
stream and disease occurred on plants irrigated with infested water, with 
annual infection rates of 30%, 22%, and 9% over a three-year period.  A 39% 
reduction in P. ramorum propagules recovered at the point of irrigation 
application as compared to the stream water source was noted. This reduction 
was attributed to passage of zoospores through a “torturous” irrigation system 
subject to considerable agitation. A direct test of the effect of pumping on 
infectivity was not attempted. 
  Werres et al. (2007) investigated infectivity of zoospores of P. ramorum 
with a zoospore-based pump inoculation method to determine if water infested 
with P. ramorum and applied to host plants via overhead irrigation resulted in 
disease development.  The maximum disease incidence reported was low at 
19% despite detection of the pathogen in the irrigation source water 
throughout the experiment.  
  Banko et al. (2006) directly tested the impacts of inoculum 
concentration, application pressure, use of CO2, and agitation on the infectivity 
and survival of zoospores of P. nicotianaea passed through a spray nozzle. 
They reported comparable reductions in disease incidence across all zoospore 
concentrations tested with increased application pressure.  	 ﾠ 30	 ﾠ
In a follow-up study undertaken to determine the mechanism behind the 
inactivation of zoospores reported by Banko et al. (2006), Ahonsi and 
colleagues (2010) found encysted zoospores to be as infectious as motile 
zoospores when exposed to pressure or agitation.  Interestingly, CO2-
 
pressurized spray application of inoculum significantly reduced zoospore 
survival relative to air-pressurized application of inoculum, suggesting that 
either pH or O2 availability affects infectivity. The authors suggest that other 
factors, such as fewer cysts reaching the target host relative to zoospores that 
retained mobility, influenced disease development.  
  These studies share two primary commonalities:  
i) zoospore inoculum was applied to host plants using a pressurized pump 
system and spray nozzle;  
	 ﾠ
ii) disease levels were low despite high doses of zoospore inoculum and 
consistent detection of the pathogen in the irrigation source for the duration of 
the experiments.   
 
Implications of passage of zoospore inoculum through 
pressurized pump irrigation systems 
 
Irrigation systems can assert two forces: pressure and hydrodynamic 
shear. The pressure applied by most irrigation systems is on the order of 195-
293 kg/m
2, up to fourfold greater than atmospheric pressure. Pressure is 
thought to be of minimal stress for planktonic organisms (Latz et al. 2004). 
This was demonstrated with P. nicotianaea, as the application of pressure did 
not reduce cyst viability (Ahonsi et al. 2010).   	 ﾠ 31	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The effects of shear force, however, are more variable, dependent on a 
number of factors including pump type, diameter of irrigation tubing, and spray 
head used.  Shear is typically greatest at the spray head of an irrigation 
system.  Only laminar flow in opposing directions (i.e., shear) will damage 
cells. Turbulent mixing is insignificant for propagules at the size scale of 
zoospores because the laminar flow field remains parallel. Rather, these 
forces are experienced as rotational forces at a cellular level, and can result in 
the deformation of cells (Latz et al. 2004), flagellar loss (Liu et. al 1999), or 
cause collision with other cells (Waite et al. 1997). It is not possible to 
determine which force is responsible for reduced infectivity in this study 
(because it was not directly tested) but shear stress is the more likely. 
  The reasons for low disease incidence in the SNC trials are not known, 
but I sought to further investigate zoospore behavior with in-lab experiments 
focused on the following: 
(i) Does agitation inherent in the functioning of the SNC irrigation system 
cause zoospores of P. pini to encyst?  
 
(ii) Does the subsequent lack of zoospore motility significantly affect disease 
development?  
 
(iii) What happens to zoospores that fail to reach their target host? 
 
(iv) Do foliar wounds diminish disadvantages associated with loss of motility 
and result in greater disease development by cysts? 
 
Chapter 3 revisits the issue of dose response and addresses these 
questions using detached leaf assays in a laboratory setting.  Specifically, my 
objectives were to: 	 ﾠ 32	 ﾠ
i) answer fundamental questions related to the motility, viability, and infective 
potential of zoospores exposed to agitation within a recirculating irrigation 
system, and 
 
ii) determine if the presence of a foliar wound site significantly contributes to 
the success of infection by immobilized zoospores.  
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Chapter 3: Investigating the effects of a pump-sprayhead 
irrigation system on infectivity of Phytophthora pini. 
 
Introduction 
  Despite changes in methodology used in recent SNC experiments, trials 
continued to result in levels of disease lower than anticipated for the range of 
inoculum doses tested. These unexpected results made it necessary to 
conduct further experiments under controlled conditions to explore underlying 
causes for low disease incidence in recent SNC trials. A series of detached 
leaf assays was therefore conducted in a lab setting, revisiting the issue of 
dose response with the following objectives in mind:  
i) to answer fundamental questions related to the motility, viability, and 
infectivity of zoospores exposed to agitation within a recirculating irrigation 
system;  
 
ii) to determine if the presence of foliar wound sites significantly contributes to 
successful infection by immobilized zoospores.  
 
General methods 
  Two types of detached leaf assay were conducted: one designed to 
determine the relationship between inoculum dose and foliar disease 
development caused by zoospores of P. pini, and the second to determine 
how propagule state and foliar wounding interact to contribute to the 
development of disease.  Three trials were conducted for each bioassay, and 
experimental methods used in each were similar. A general protocol follows, 
with differences in methodology noted in text describing individual trials.   	 ﾠ 34	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Trials consisted of detached leaves dipped into inoculum suspensions using 
wounded and nonwounded leaves.  Over a seven-day incubation period, 
disease incidence, defined in this study as the number of lesions per leaf area 
(cm
2), was recorded.  For experiments on the effect of agitation on propagules, 
disease severity (DS) was also determined. At the end of the incubation 
period, images of the treated leaves were acquired with a flatbed scanner and 
DS, the percentage of lesion area relative to total leaf area, was assessed 
using image analysis software (Assess 2.0, American Phytopathology Society, 
Lakhdar Lamari 2002). 
 The in-lab SNC system  
  To investigate the effect(s) of the pump-spray head on zoospore 
inoculum, the same pump-spray head irrigation system used for SNC trials 
was used to treat inoculum for the lab-based detached leaf assays.  The spray 
head was positioned above the pump at a height identical to that in SNC trials 
to simulate pressure changes exerted on zoospores as they passed through 
the system in the SNC trials. For each trial, the prepared inoculum suspension 
for each dose was pumped from a beaker through the spray head and into 
another beaker for immediate use in dipping the detached leaves. 
Stock culture storage and inoculum production  
  The P. pini isolate (Pc98-517.p2) used in SNC trials was used in all 
detached leaf assays. Cultures were grown on plates of a Phytophthora-	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selective agar medium (PAR).  Inoculum production and quantification were 
carried out as described previously for SNC trials.  
Host plant and leaf selection 
  Leaves used in detached leaf assays were collected from plants of the 
same Rhododendron cultivar (ʻCatawbiense Boursaultʼ) used for whole plant 
experiments in the simulated nursery chambers.  Plants were grown in a 
mixture of potting media and fine bark in a greenhouse on the OSU main 
campus and fertilized once a month (Azalea, Camellia, and Rhododendron 
Food, 30-10-10, Miracle-Gro®). At the start of detached leaf assay trials, 
plants were three years old, potted in 3-gal sized plastic pots. As leaves were 
collected from the plants, both the newest and oldest leaves were avoided 
because leaf age has been shown to affect susceptibility to other 
Phytophthora species (Hansen et al. 2005). Leaves were removed from plants 
in the greenhouse directly before the start of each assay and wiped with a 
moist cloth to remove dirt and residue from fertilization/overhead watering.  
Next, leaves were wounded with sterilized thumbtacks affixed to a 1 cm grid 
pattern for even distribution of wounds on the plant tissue.  Wounded leaves 
and nonwounded leaves were placed in separate Ziplock bags and blindly 
removed from their bag prior to dipping for unbiased selection. 
Leaf dipping procedure   
  After zoospores were quantified, the inoculum suspension was divided 
into equal parts and each volume was subjected to its designated treatment.  	 ﾠ 36	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Inoculum suspensions were stirred gently with a glass rod for 5 sec prior to 
leaf dips for the purpose of dispersion, as zoospores of Phytophthora species 
have been shown to exhibit negative geotaxis and bioconvection (Cameron et 
al. 1977; Ochiai et al. 2011). A non-inoculated control treatment (distilled water 
containing no zoospores) was included in the experiment but not the statistical 
analysis. 
  During dipping, leaves were held by the petiole and submerged in their 
respective inoculum suspension for 10 sec, after which they were placed in 
clear, plastic-lidded containers (L 32 x W 26 x H 8 cm, Pioneer Plastics Inc., 
North Dixon, Kentucky) in a temperature-controlled room programmed to 
maintain a temperature of 27°C, within the ideal range for P. pini  (Hong 2011).  
Upon conclusion of leaf dips, a small portion of each inoculum suspension was 
viewed microscopically (Carl Zeiss MicroImaging, LLC Thornwood, New York) 
to ascertain post-treatment mobility.  	 ﾠ 37	 ﾠ
Detached Leaf Assays:  Dose Response 
 
Three dose response trials were carried out to 1) establish the 
relationship between the quantity of zoospore inoculum and disease incidence 
on detached leaves under optimal conditions, so as to compare this with the 
results of whole plant inoculations in the SNC trials; and 2) to determine an 
appropriate dose of P. pini zoospore inoculum for subsequent detached leaf 
assays focused on the effects of agitation on propagule infectivity.  
Dose Response, Specific Methods 
Wounded and nonwounded leaves were both included in the dose 
response trials, because research with other foliar-infecting Phytophthora 
species such as P. ramorum indicated that foliar wounding enhances disease 
severity in zoospore-inoculated leaves (Hansen et al. 2005; Taylor 2011).  
Five levels of zoospore inoculum were tested in dose response trial 1 (Table 
3.1).  Inoculum production for dose response trial 2 was greater than that for 
trial one; as a result, six inoculum doses were tested in trial 2 (Table 3.1).  In 
dose response Trial 3, four inoculum doses were tested (Table 3.1). 
Statistical Analyses 
  Statistical comparisons of disease incidence, expressed as number of 
lesions/cm
2 leaf area, were conducted using two-way or one-way analysis of 
variance (ANOVA).  Main effects for these ANOVAs were inoculum dose and 
leaf wounding.  Data were rank transformed because they did not meet the 	 ﾠ 38	 ﾠ
assumptions of normal distribution and constant variance (Sabin and Stafford 
1990). 
Table 3.1: Inoculum doses (zoospores/mL) tested in Dose Response Trials 1 – 
3. 
Trial 1  Trial 2  SNC 3 
16  16  – 
80  80  – 
400  400  – 
2,000  2,000  2,000 
–  –  5,000 
10,000  10,000  10,000 
–  –  20,000 
–  50,000  – 
 
 
Dose Response Trial 1  
 
  Lesions occurred only on leaves dipped in the highest two inoculum 
doses used: 10,000 zoospores/mL (mean = 0.18 or 0.12 lesions/cm
2 for 
nonwounded or wounded leaves, respectively) and 2,000 zoospores/mL 
(mean = 0.02 lesions/ cm
2 for wounded leaves only (Figure 3.1). 
 	 ﾠ 39	 ﾠ
 
Inoculum dose (zoospores per mL) 
 
Figure 3.1.  Disease incidence in relation to inoculum dose for dose response 
Trial 1. Bars indicate mean number of lesions/cm
2 leaf area (± s.e.) seven 
days after inoculation with five levels of dose on wounded and nonwounded 
leaves. The interaction between the dose and wounding was significant (p = 
0.001). Different letters denote values that differ significantly (p ≤ 0.02) based 
on Fisherʼs PLSD.  N = 8 
 
ANOVA for rank-transformed disease incidence data (Table B1 
Appendix B) showed a strong interaction between the dose and wounding 
treatments (p = 0.001).  This was a result of a significant difference between 
the low number of lesions on wounded leaves and zero lesions on 
nonwounded leaves at 2,000 zoospores/mL.  There was no significant 
difference between number of lesions on nonwounded vs. wounded leaves at 
10,000 zoospores/mL.  This interaction precluded assessment of the individual 
effects of dose and wounding. A dose of 10,000 zoospores/mL showed a 
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significantly higher number of lesions/cm
2 than other doses for both wounded 
and nonwounded leaves (p ≤ 0.0001), (Table B2 - B5 Appendix B). 
Dose Response Trial 2  
  ANOVA on rank-transformed disease incidence data showed that the 
effect of inoculum dose was highly significant (p < 0.0001), with the highest 
dose resulting in greater disease incidence (p < 0.0001) than all other doses 
tested (Tables B6 - B9 Appendix B). There was no interaction between dose 
and wounding for this trial, nor was there a significant effect of wounding on 
disease incidence. The highest inoculum dose in this trial (50,000 
zoospores/mL) resulted in approximately the same number of lesions/cm
2 as 
did inoculation with 10,000 zoospores/mL in Trial 1.  Unlike dose response 
Trials 1 and 3, very few or no lesions developed in the treatments with 10,000 
zoospores/mL in Trial 2 (< 0.01 lesions/cm
2 for wounded leaves; 0 lesions/cm
2 
for nonwounded leaves) (Fig. 3.2).   
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Figure 3.2. Disease incidence in relation to inoculum dose for dose response 
Trial 2. Bars indicate mean lesions/cm
2 leaf area (± s.e.) seven days after 
inoculation with six levels of inoculum dose on wounded and nonwounded 
leaves. Doses not sharing a letter are significantly different at p ≤ 0.0001 
based on Fisherʼs PLSD.  Wounding did not affect the DI response (p = 0.99).  
N = 8. 
 
Dose Response Trial 3 
 
  The greatest disease incidence of any dose response trial conducted 
was obtained across the treatments in Trial 3.   Dose had a significant effect 
on disease incidence (p<0.001), (Table B10 -B13 Appendix B). The greatest 
number of lesions (0.37 lesions/cm
2) developed with the most concentrated 
inoculum dose, (20,000 zoospores/mL). The lowest disease incidence 
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occurred with the 5,000 zoospore/mL treatment (0.12). No interaction occurred 
between dose and wounding, and the wounding alone also was not significant. 
 
 
Inoculum dose (zoospores per mL) 
Figure 3.3.  Disease incidence in relation to inoculum dose for dose response 
Trial 3. Bars indicate mean lesions/cm
2 leaf area (± s.e.) seven days after 
inoculation with four levels of inoculum dose on wounded and nonwounded 
leaves. Doses not sharing a letter are significantly different at p ≤ 0.05 based 
on Fisherʼs PLSD. Wounding did not affect the DI response (p = 0.15).  N = 9. 
 
Summary of Dose Response Trials 
   
  The relationship between zoospore inoculum dose and disease 
incidence was consistent in showing a significant effect of dose, with no effect 
of leaf wounding on disease incidence except in a single case.  The significant 
interaction between dose and wounding occurred in trial 1, but may simply 
represent the probability of disease detection level under the particular 
conditions of that trial and its biological significance may be minimal.   
However, the effect of specific inoculum doses on disease incidence differed 
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markedly among trials.  For example, averaging across wounded and 
nonwounded leaves, inoculation with 10,000 zoospores/mL resulted in disease 
incidences of 0.15, 0.05, and 0.25 lesions/cm
2 for trials 1, 2, and 3, 
respectively. Inoculation with 2,000 zoospores/mL resulted in disease 
incidences of 0.10, 0.00, and 0.12 lesions/cm
2 for trials 1, 2, and 3, 
respectively.  The reasons for this variability are not known. It is therefore 
difficult to model a level of inoculum required to cause disease even under 
ʻidealʼ conditions of moisture and temperature. Despite these inconsistencies, 
a minimum inoculum dose of 10,000 zoospores/mL was selected for 
subsequent detached leaf assays in which the effects of zoospore motility and 
encystment resulting from inoculum agitation could be explored.  Although leaf 
wounding did not affect disease incidence with zoospore inoculum in the dose 
response trials, wounding was included as a treatment in some of the motility 
experiments because of the possibility of interactions with certain forms of 
inoculum.  In addition to disease incidence, which is a measure of initial 
infection events, disease severity was also determined in the motility trials 1-3.  
Disease severity provides an indication of disease spread after infection, 
therefore it is a good indication of the effectiveness of various propagules in 
disease development.  
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Detached Leaf Assays:  Motility Trials 
 
Motility Trial 1 
 
  The purpose of Motility Trial 1 was to determine whether agitation of 
zoospores affected disease development on detached, nonwounded leaves 
dipped into treated zoospore suspensions.  In this trial, zoospore inoculum 
suspensions were subjected to three agitation treatments: no agitation, pump 
agitation, and vortex agitation.  Each treatment was tested at two inoculum 
levels: 10,000 and 30,000 zoospores/mL and evaluated for disease incidence 
and disease severity. 
The vortex agitation treatment consisted of vortexing a total volume of 
100 mL of inoculum in a 40-mL glass vial, vortexing 25 mL at a time for 30 sec 
on setting 7 with a REAX 2000 vortexer (Heidolph Instruments, Inc., 
Schwabach, Germany). The pump agitation treatment consisted of passing 
100 mL of inoculum through the pump-spray head irrigation system set up in 
the lab. The experiment was arranged as a randomized complete block design 
consisting of eight blocks with two leaves for each treatment per block.  One 
block was omitted from the analysis because its inclusion would have 
introduced a block x treatment interaction effect. 
  Microscopic observation of the nonagitated zoospore suspension 
confirmed zoospore motility at the time of inoculation.  Comparable 
observation of the vortexed suspension showed a small proportion of 	 ﾠ 45	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zoospores to be motile. Motile zoospores were not observed in the inoculum 
suspension receiving the pump agitation treatment. 
Disease occurred on 100% of leaves dipped in the nonagitated and 
vortexed suspensions at the highest inoculum dose whereas only 12.5% of 
leaves developed symptoms at this dose when dipped in the pumped 
suspension (data not shown). At the low inoculum level, lesions did not 
develop on leaves dipped in either the nonagitated or vortexed suspension; 
however, 18.7% of leaves inoculated with the pumped suspension became 
symptomatic. 
  When expressed as the number of lesions per leaf area, mean disease 
incidence for leaves dipped in the nonagitated inoculum suspension of the 
highest dose was 1.01(± 0.14 s.e.) lesions/cm
2.  Leaf dips for the vortexed and 
pumped treatment at this dose resulted in disease incidence levels of 0.63 (± 
0.08 s.e) and 0.004 (± 0.004 s.e.) lesions/cm
2, respectively.  Disease 
symptoms did not develop at the lower inoculum dose with the exception of a 
very low 0.004 (±0.004 s.e.) lesions/cm
2 for the pumped treatment (Fig. 3.4). 
ANOVA of rank-transformed disease incidence data indicated a highly 
significant (p<0.0001) interaction between the agitation and dose treatments, 
as well as highly significant (p<0.0001) effects of each individual factor (Table 
B14 Appendix B). 	 ﾠ 46	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Figure 3.4. Disease incidence for motility trial 1 expressed as lesions per cm
2.  
Data are means ± s. e. of the mean. White bars represent results with an 
inoculum dose of 30,000 zoospores/mL, and black bars represent results with 
10,000 zoospores/mL. Bars marked with the same letters were not 
significantly different according to Fisherʼs PLSD (p<0.05), (Table B14,15 
Appendix B). 
 
  Results for disease severity showed a trend similar to that of disease 
incidence, with the greatest mean percent lesion area occurring for the higher 
inoculum dose that received no agitation (75.2% ± 6.0% s.e.) with reduced  
(p< 0.0001) disease severity for the vortexed treatment (61.9% ± 7.8% s.e.) as 
determined with Fishers PLSD for arcsine-transformed data (Tables B16, B17 
Appendix B).  At the higher inoculum level, disease scarcely developed on 
leaves dipped in the pumped zoospore suspension (0.4% ±0.4 s.e. lesion 
area).  Disease symptoms did not occur at the lower inoculum dose tested 
with the exception of a very low percent lesion area (2.1% ±1.4% s.e.) 
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resulting from the pumped treatment (Figure 3.5). Non-inoculated leaves did 
not develop lesions (data not shown).   
 
Figure 3.5. The effect of zoospore agitation treatment and inoculum dose on 
disease severity for detached leaf dips for motility trial 1.  Bars indicate mean 
percent lesion area ± standard error of the mean. Significant (p<0.05) 
differences between treatments within each inoculum dose, either 10,000 or 
30,000 zoospores/mL, are indicated by dissimilar letters. 
 
  There was a highly significant interaction (p<0.001) between agitation 
treatment and inoculum dose. The individual factors of inoculum dose 
(p<0.001) and agitation treatment (p<0.001) also strongly affected disease 
severity (Table B15 Appendix B).  
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Motility Trial 2   
Results from Motility Trial 1 confirmed the viability and retention of 
infectivity for P. pini zoospores exposed to agitation treatments. The purpose 
of Motility Trial 2 was to determine whether foliar wounding impacted disease 
development for motile zoospores as compared to that of cysts formed in 
response to agitation.  The agitation treatments applied to zoospore inoculum 
during Motility Trial 2 included a nonagitated treatment (motile spores) and a 
pumped treatment; vortex agitation was not included in this trial. Motility Trial 2 
tested a single inoculum dose of 10,000 zoospores/mL. Wounded and 
nonwounded leaves were used for leaf dips into the treated inoculum 
suspensions, with the dipping procedure carried out precisely as described for 
Motility Trial 1. Lastly, small volumes of the treated suspensions were viewed 
with light microscopy immediately after application of the agitation treatment to 
ascertain zoospore motility post-treatment. The experiment was arranged as a 
randomized complete block design consisting of eight blocks with two leaves 
of each treatment per block.   
  Results for motility trial 2 showed that there was a significant effect of 
agitation treatment (p=0.04) and wounding (p = 0.001) on disease incidence 
(Table B18 - B20 Appendix B). Disease incidence (lesions per leaf area) was 
highest for wounded leaves dipped into the nonagitated inoculum suspension 
(Figure 3.6). Nonwounded leaves dipped into the nonagitated zoospore 
suspension developed less disease than wounded leaves dipped into either 	 ﾠ 49	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the nonagitated or pumped solution but showed more disease than 
nonwounded leaves dipped into the pumped inoculum suspension.  The 
nonwounded, pumped treatment resulted in the least amount of disease.  
 
 
Figure 3.6: Mean number of lesions per leaf area (cm
2)
 for wounded and 
nonwounded leaves dipped into zoospore inoculum (10,000 zoospores/mL) 
subjected to pumping agitation or no agitation during motility trial 2. Bars 
indicate mean number of lesion per cm
2 ± standard error of the mean. 
Significant differences between treatments are indicated by dissimilar letters. 
 
  No significant difference (p < .001) in disease severity occurred for 
wounded leaves dipped into inoculum subjected to either agitation treatment 
(Figure 3.7, Table B21, B22 Appendix B).  Nonwounded leaves developed 
more disease when dipped in nonagitated zoospore suspensions than did 
nonwounded leaves dipped in the pumped suspension.  The least disease 
severity occurred for nonwounded leaves dipped into the pumped inoculum 
suspension.  
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Figure 3.7. Mean percent lesion area for wounded and non-wounded leaves 
dipped into zoospore suspensions subjected to no agitation or pumped 
agitation treatments for Motility Trial 2. Bars indicate mean lesion area ± 
standard error of the mean. Significant differences are indicated by dissimilar 
letters. 
 
Motility Trial 3 
 
This experiment was designed to investigate the interaction between 
inoculum agitation and leaf wounding.  There were three agitation treatments 
(no agitation, vortexed, and pumped) and two leaf wounding treatments 
(wounded and non-wounded).  The experiment was arranged as 8 blocks with 
two replicate leaves per block.  The initial inoculum suspension consisted of 
20,000 zoospores/mL. 
Scanning electron microscopy (SEM) was used to gain a qualitative 
perspective of propagule condition following exposure to agitation treatments.  
Initial samples of each suspension were fixed in 2.5 % glutaraldehyde 
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immediately after application of each respective agitation treatment. A second 
sample was fixed 30 minutes after treatment as the process of zoospore 
encystment has been shown to take up to 40 minutes to complete (Deacon 
(DEACON and SAXENA 1998)1998).  Samples were filtered through 5.0 or 
0.02 µm pore size millipore filter before being prepared for SEM.  
Extra leaves from the detached leaf assays were also used to observe 
propagule state after 24 hours on host leaf tissue.  Samples were cut from 
leaves and preserved in 2.5% glutaraldehyde.  
A 10-step dehydration process using 10 to 100% ETOH was carried out 
on samples prior to critical point drying. A sputter coater was then used to 
apply a film of gold/palladium to samples.  Scanning electron microscopy was 
done at the Electron Microscopy Facility at OSU using the FEI QUANTA 600F 
environmental SEM.  
Disease incidence (lesions/cm
2leaf area) was greatest for wounded and 
non-wounded leaves inoculated with nonagitated zoospores, or wounded 
leaves inoculated with either vortexed or pumped spores (Fig. 3.8).  Vortexed 
or pumped inoculum caused almost no lesions on non-wounded leaves (< 
0.013 lesions/cm
2).  Analysis of variance showed that agitation treatment, 
wounding treatment, and the interaction of these two factors were all highly 
significant (p<0.0001) (Table B23 - B25 Appendix B).  	 ﾠ 52	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Figure 3.8. Effects of inoculum agitation and leaf wounding on disease 
incidence (lesions per cm
2 leaf area) in motility trial 3. Bars indicate mean 
number of lesion per cm
2 ± standard error of the mean. Significant differences 
between treatments are indicated by dissimilar letters. 
 
  Disease severity data demonstrate that vortexed or pumped inocula 
were only capable of causing disease on wounded leaves, whereas all three 
forms of inoculum caused disease on wounded leaves (Fig. 3.9).  In addition 
to the highly significant effects of wounding (p<0.0001) and agitation 
(p<0.0001), the interaction between these factors was also highly significant 
(Table B26, B27 Appendix B).  Percent lesion area was significantly (p<0.001) 
greater on wounded leaves than on non-wounded leaves. There were no 
significant differences in percent lesion area among wounded leaves 
inoculated with any of the three inocula (p > 0.11, Fisherʼs PLSD)(Appendix 
Table 24); mean lesion area ranged from 30.1% to 43.5%. For non-wounded 
leaves, inoculation with non-agitated zoospores resulted in 25.2% lesion area, 
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which differed significantly (p<0.0001) from results with both vortexed (0.4%) 
or pumped (0.4%) inocula. 
 
Figure 3.9. Mean percent lesion area seven days after inoculation with three 
agitation treatments on wounded and nonwounded leaves for Motility Trial 3. 
Bars indicate mean lesion area ± standard error of the mean. Significant 
differences are indicated by dissimilar letters. 
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Figure 3.10.  Disease development on leaves dipped in P. pini zoospore 
inoculum in motility trial 3. A: nonagitated nonwounded (NW), B: nonagitated 
wounded (W), C: pumped NW, D: pumped W, E: vortexed NW, F: vortexed W.  
Disease severity for leaves dipped in nonagitated (motile) suspensions did not 
differ significantly between W and NW leaves; striking differences were 
observed for W and NW leaves dipped in pumped suspensions and significant 
differences occurred for leaves inoculated with vortexed suspensions.  
 
  Results of SEM showed encystment of vortexed and pumped 
zoospores (Fig. 3.11). Germinated cysts produced in response to agitation 	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grew hyphae over and around stomata without entering leaf tissue until 
reaching a wound site.  Motile spore germlings were observed entering 
stomata (Fig. 3.12). 
Figure 3.11. Scanning electron microscope images of zoospores fixed in 
glutaraldehyde immediately after agitation treatments. Zoospore encysting 
after pumping (top left), encysted zoospore after pumping (top right), 
nonagitated zoospore (bottom left), encysted zoospore after vortexing (bottom 
right). 
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Figure 3.12.  Scanning electron microscope images of leaves fixed in 
glutaraldehyde 24 hours after dipping in zoospore inoculum suspensions. 
Nonagitated inoculum on nonwounded leaf (left), vortexed inoculum on 
nonwounded leaf (right). 
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Discussion 
  Detached leaf assays conducted in the lab were designed to answer 
fundamental questions related to the motility, viability, and infectivity of 
zoospores exposed to agitation within a recirculating irrigation system, and to 
determine if the presence of foliar wound sites significantly contributes to 
successful infection by immobilized zoospores.  
  Before in-lab trials directly related to these objectives could be carried 
out, the establishment of an appropriate inoculum dose with which to achieve 
adequate disease was necessary. Results from dose response trials 1 – 3 
indicated that an inoculum threshold no lower than 10,000 zoospores/mL was 
necessary to reliably cause disease symptoms.  
  A complex relationship between motility, infectivity, and foliar 
wounding emerged. A substantial loss of motility occurred for zoospores 
passed through the pump-spray head inoculation system (Figure 3.13).  
 
Figure 3.13. Haemocytometer grid photos taken before (left) and after (right) a 
suspension of P. pini zoospore inoculum was pumped through the pump-spray 
head inoculation system.  Motile zoospores can be seen as streaks of blue 
and orange, with significantly reduced zoospore motility apparent post-
pumping. 
  
Grid 1A Pre-Pumping  Grid 1A Post-Pumping 	 ﾠ 58	 ﾠ
  Although zoospores were immobilized after passage through the 
inoculation system, they remained viable, as evidenced by vigorous growth on 
Phytophthora-selective agar media, indicating that pump agitation induced 
encystment rather than lysis of cells (Figure 3.13).  Pumped zoospores also 
retained infectivity, causing foliar infection on host leaves, but only if leaves 
were wounded (Figure 3.14).  
 
Figure 3.14. Development of mycelial mats for P. pini zoospore inoculum 
passed through the pump-spray head inoculation system (left) as compared to 
non-pumped inoculum (right).  
 
  Dose response assays 1-3 showed no statistically significant 
differences in disease incidence on wounded leaves as compared with 
nonwounded leaves; however, this was only the case when motile inoculum 
suspensions were used. Subsequent experiments (motility trials 2 and 3) 
demonstrated significant differences in disease development between 
wounded and non-wounded leaves with inoculum subjected to agitation, but 
not for non-agitated zoospore inoculum.  
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  In-lab trials indicated that pumping agitation of zoospores interrupted 
crucial stages in the life cycle of P. pini and subsequently compromised the 
pathogenʼs ability to infect and spread. Findings from in-lab detached leaf 
assays aid in the interpretation of results of SNC trials. This concept will be 
elaborated in the final chapter of this thesis.  	 ﾠ 60	 ﾠ
Chapter 4: Conclusions 
  This research had four primary objectives:  
i) determine if the Simulated Nursery Chambers (SNC) are appropriate as a 
small-scale nursery replica in which to investigate the effect of inoculum dose 
and recirculating irrigation on development of disease; 
 
ii) understand the importance of initial inoculum dose as it relates to disease 
development; 
 
iii) answer fundamental questions related to the motility, viability, and infective 
potential of zoospores exposed to agitation within a recirculating irrigation 
system; 
 
iv) determine if the presence of a foliar wound site significantly contributes to 
the success of infection by immobilized zoospores. 
 
  First, we sought to determine whether the simulated nursery chambers 
(SNC) were an appropriate test system in which to investigate the effects of 
inoculum dose and recirculating irrigation on the development of disease with 
zoospore inoculum of P. pini.  Results from preliminary and recent SNC trials, 
as well as those of lab-based detached leaf assays, led to the conclusion that 
the SNC are not an appropriate test system for experiments of this nature due 
to inherent flaws in chamber functioning. 
  The second research objective, to understand the importance of initial 
inoculum dose as it relates to disease development, indicated that a minimum 
threshold of zoospore propagules needed to cause disease was 10
4 
zoospores per mL. Lab-based dose response trials indicated a similar 
minimum propagule threshold. A clear understanding, however, of the relative 	 ﾠ 61	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contribution to disease for each respective inoculum phase was not possible 
due to the deleterious impact of pump agitation on zoospores.  
  Results acquired in addressing the third objective, to answer 
fundamental questions related to the motility, viability, and infective potential of 
zoospores exposed to agitation within a recirculating irrigation system, allowed 
researchers to confirm definitively the need for serious improvements in the 
design of chamber functioning before they can be regarded as an acceptable 
test system for studies using zoospore-based inoculum.  
  Despite shortcomings encountered with SNC experiments, the results, 
when coupled with support from in-lab leaf assays, provide valuable insight 
with regard to zoospore motility and infectivity and the importance of foliar 
wounding. This knowledge will contribute to the development of more 
appropriate experimental design for future investigations of this nature.   
  In-lab experiments showed that the presence of a wound makes a 
significant difference in successful infection of host tissue only for non-motile 
(encysted) zoospores of P. pini. Non-wounded leaves dipped in pumped 
zoospore suspensions developed significantly less disease overall as 
compared to wounded leaves dipped in the same pumped suspension. When 
only inoculum containing motile zoospores was used for leaf dips, no 
significant difference in disease development existed between wounded and 
non-wounded leaves.  
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  This finding is biologically interesting and could have significant 
implications for understanding the nuances of how disease epidemics of 
Phytophthora species begin.  It may contribute also to more effective disease 
management strategies as pumped zoospores retained infectivity but are 
limited in their ability to locate and penetrate intact host tissue as compared to 
motile zoospores. In environmental settings less contrived than a lab, such as 
within the SNCs, propagules of P. pini are subject to a more pronounced range 
variables. These additional variables (in addition to the agitcould have 
contributed significantly to the “stalled epidemic” phenomenon observed 
during the recent SNC trials.  
  Based on previous research on the behavior of zoospores of 
Phytophthora species, many variables should be considered during the 
interpretations of experimental results for studies carried out with zoospore-
based inoculum, including motility, environmental conditions, inoculum dose, 
etc.  In this interpretation I have focused on wounding and encystment.  
On Wounding 
  Observations from In-Lab Experimentation revealed a complex 
relationship between the presence of an artificial wound, zoospore motility, 
and disease development. In-lab experiments showed that the presence of an 
artificial wound makes a significant difference in successful infection of host 
tissue only for non-motile (encysted) zoospores of P. pini. Non-wounded 
leaves dipped into a pumped zoospore suspensions developed significantly 	 ﾠ 63	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less disease overall as compared to wounded leaves dipped in the same 
pumped suspension. When inoculum containing only motile zoospores was 
used for leaf dips, no significant difference in disease development existed 
between wounded and non-wounded leaves.  
On Encystment  
 
  The zoospore stage is a critical phase in the life cycle of Phytophthora 
pini.  The motility provided by zoospores allows the pathogen a means to 
navigate closer to a target host, to settle at a location conducive to disease on 
that host, and to properly orient itself for the emergence of a germ tube for 
eventual infection (Figure 4.1).  
 
Figure 4.1. The basic phases of zoospore encystment 
  Zoospore taxis occurs in response to a number of stimuli, including 
light, oxygen, chemical gradients, and electrical fields.  
   Zoospores lack a cell wall, a physiological feature rendering them 
considerably more vulnerable than other Phytopthora propagules. This fragility 
presents a serious problem for the dispersal of the organism.  Phytophthora 
species combat this vulnerability by encystment, the result of which are cysts, 	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propagules more durable than zoospores equipped with a cell wall and the 
capacity to adhere to host tissue during the infection process. An 
understanding of the mechanisms involved in the process of zoospore 
encystment is paramount in order to appreciate the complicated relationships 
that emerged between factors involved in this study. The underlying 
mechanism of zoospore encystment has been well-researched. An accepted 
sequence of events has been described, and there is little disagreement 
concerning the essential phases of encystment The accepted sequence of 
events is as follows: 
  1) cessation of zoospore motility 
  2) loss or retraction of flagella 
  3) development of an amorphous cyst wall coat 
  4) acquisition of adhesiveness  
  5) development of a cell wall  
  6) change to rounded shape 
 
  While the mechanism behind the process of zoospore encystment has 
been resolved, nuances associated with cyst infectivity and the duration of the 
cyst adhesion period have not been resolved. The rate of encystment, the 
duration of the adhesion period, and the level cyst infectivity may differ by 
Phytophthora species (Dijksterhuis and Deacon, 2003). In a study conducted 
on zoospores of P. nicotianae, the cyst adhesion duration was shown to be 
between 1 and 4 minutes in length (Sing and Bartnicki,1975).  
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  Two scenarios are presented as an explanation of the biology behind 
the results of the SNC trials. The first scenario, the Pre-Encystment 
hypothesis, is one in which the possibility that zoospores in inoculum 
suspensions encysted before they were applied to plants in SNC Trials is 
considered. Zoospores of Phytophthora species are known to encyst rapidly in 
response to a number of variables, the most relevant to this study being 
agitation. The sloshing of liquid that accompanies the process of inoculum 
dilution to achieve desired zoospore concentrations is not so mild a source of 
agitation that the possibility of zoospore encystment can be absolutely 
discounted. Additionally, the amount of time that passed from zoospore 
emergence to transportation of inoculum suspensions to the USDA NF or the 
OSU GH was well beyond 1 to 4 minutes, the amount of time corresponding to 
the adhesion duration of cysts of P. nicotianae derived experimentally by Sing 
and Bartnicki (1975). 
  If zoospores present in initial inoculum suspensions were pre-encysted, 
a number of barriers to infection would arise. Loss of zoospore motility results 
in the inability of the pathogen to navigate to a more appropriate infection site 
as well as the ability to properly settle and orient itself upon locating an 
appropriate site. The cyst adhesion phase is crucial for infection of plants by 
Phytophthora pini to occur; without this capacity, cysts will fail to attach 
themselves to the host surface in order to properly consummate the infection. 
Undoubtedly there will be some cysts that manage to land and on a leaf 	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surface and cause infection. This depends largely on the chance landing of a 
cyst at an ideal spots for infection and with the proper orientation to host tissue 
so that a germ tube may enter the plant. In conclusion, pre-encysted 
zoospores remain infective, however their infective potential is severely limited 
by their characteristic lack of motility.   
  The second hypothesis considers a scenario in which zoospores in the 
initial inoculum suspension remain motile up until the point at which they pass 
through the pump/nozzle array during the inoculation process for SNC. If not 
induced to encyst in response to some variable, zoospores can swim for many 
hours before encystment occurs. If zoospores in the initial inoculum 
suspensions were still motile by the time they arrived at the experiment site, 
then the initiation of the encystment process will occur in response to pump 
agitation. The process of encystment of motile zoospores is rapid; the 
production of the cyst cell wall has been reported to occur in 5 – 6 minutes 
after the onset of encystment.  Germ tubes reportedly emerge in 20 to 30 
minutes, and infection has been observed within 30 to 40 minutes of 
encystment.  
  The period of time from which the inoculum leaves the sprinkler head 
and is misted upon plants within the plastic enclosure is short. In this short 
amount of time, the process of encystment will have hardly begun- there is not 
enough time for the encystment process to be carried out to its conclusion 
before the inoculum hits the plants.  I hypothesize that the greater portion of 	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inoculum rained down upon the plants within the plastic enclosure 
encountered host tissue in a mixed state: no longer a zoospore but not yet a 
cyst.  Again, chance landings of cysts onto disease-favorable spots of the host 
plant, ideally with proper alignment against the host tissue, will undoubtedly 
occur, and infection will ensue from those cysts.  However, the lack of the 
zoospore homing (because of loss of motility due to pump agitation) and 
settling phase will result in reduced disease incidence in a manner similar to 
that described in the Pre-Encystment Hypothesis.  
  Future experiments in this area will be designed with a more targeted 
approach focused on encystment. 
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Appendices 
Appendix A: Chapter 2 statistical results   
 
Table A1: Results of ANOVA conducted on disease incidence data for SNC 
Trials 1, 2, and 3.  Disease incidence was not significantly affected by 
inoculum dose.  
Source  DF  SS  MS  F-value  P-value 
Block  2  265  132  1.4  p < 0.27 
Dose  3  342  114  1.21  p < 0.33 
Block*Dose  6  701  117  1.24  p < 0.32 
Error  24  2262  94  	 ﾠ 	 ﾠ
CorrectedTotal  35  3570  	 ﾠ 	 ﾠ 	 ﾠ
 
Table A2: Results of ANOVA for pathogen presence data by dose for SNC 
Trials 1, 2, and 3.   
Source  DF  SS  MS  F-value  P-value 
Dose  3  278  93  2.19  0.12 
Error  29  845  42  	 ﾠ 	 ﾠ
Corrected  23  1123  	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
 
Table A3: Results of ANOVA for new infection data by dose for SNC Trials 1, 
2, and 3.   
Source  DF  SS  MS  F-value  P-value 
Dose  3  8  3  0.05  0.98 
Error  29  1030  51  	 ﾠ 	 ﾠ
Corrected  23  1037  	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
 
Table A4: ANOVA for pathogen presence data by sample period  
Source  DF  SS  MS  F-value  P-value 
Period  5  620  124  4.44  0.0083 
Error  18  503  28  	 ﾠ 	 ﾠ
Corrected  23  1123  	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
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Table A5: ANOVA for new infections by sample period 
Source  DF  SS  MS  F-value  P-value 
Period  5  984  197  66.87  <0.0001 
Error  18  53  3  	 ﾠ 	 ﾠ
Corrected  23  1038  	 ﾠ	 ﾠ 	 ﾠ	 ﾠ 	 ﾠ	 ﾠ
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Appendix B 
 
ANOVA tables and Fisherʼs PSLD Tables for Detached Leaf 
Assays (Ch. 3) 
 
Dose Trial 1 
 
Table B1. ANOVA of disease incidence (lesions/cm
2) for Dose Trial 1.  Analysis 
was performed on rank transformed data.  
  DF  SS  MS  F-Value  P-Value 
Dose   4  15723  3931  54.94  <.0001 
Wounding   1  30  30  0.42  0.52 
Dose * Wounding   4  1490  372  5.20  0.001 
Residual  70  5008  72     
 
Table B2 ANOVA of disease incidence (lesions/cm
2) for Dose Trial 1 split by 
wounding.  Analysis was performed on rank transformed data. 
Nonwounded  DF  SS  MS  F-Value  P-Value 
Block  7  28  4  1.00  0.45 
Dose Treatment  4  10956  2739  685.37  <.0001 
Residual  28  112  4     
           
Wounded  DF  SS  MS  F-Value  P-Value 
Block  7  1038  148  1.08  0.40 
Dose Treatment  4  6256  1564  11.43  <.0001 
Residual  28  3830  137     
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Table  B3 Fisher's PLSD for disease incidence (lesions/cm
2) for Dose Trial 1, 
dose level comparisons (zsps/ml) split by wounding treatment. Analysis was 
performed on rank transformed data.  
 Nonwounded leaves  Mean Diff.  Crit. Diff.  P-Value  Significance  
10000, 16  41.38  2.05  <.0001  S 
10000, 2000  41.38  2.05  <.0001  S 
10000, 400  41.38  2.05  <.0001  S 
10000, 80  41.38  2.05  <.0001  S 
16, 2000  0.00  2.05  .   
16, 400  0.00  2.05  .   
16, 80  0.00  2.05  .   
2000, 400  0.00  2.05  .   
2000, 80  0.00  2.05  .   
400, 80  0.00  2.05  .   
 
 Wounded leaves  Mean Diff.  Crit. Diff.  P-Value  Significance  
10000, 16  31.00  11.98  <.0001  S 
10000, 2000  14.50  11.98  0.0194  S 
10000, 400  31.00  11.98  <.0001  S 
10000, 80  31.00  11.98  <.0001  S 
16, 2000  -16.50  11.98  0.0087  S 
16, 400  0.00  11.98  .   
16, 80  0.00  11.98  .   
2000, 400  16.50  11.98  0.0087  S 
2000, 80  16.50  11.98  0.0087  S 
400, 80  0.00  11.98  .   
 
Table B4. ANOVA of disease severity (percent lesion area) for Dose Trial 1.  
Analysis was performed on rank transformed data.  
  DF  SS  MS  F-Value  P-Value 
Dose   4  15392  3847  51.23  <.0001 
Wounding   1  41  41  0.54  0.46 
Dose * Wounding   4  1560  390  5.19  0.001 
Residual  70  5258  75     
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Table  B5. Fisher's PLSD for disease severity (percent lesion area) for Dose Trial 
1. Analysis was performed on rank transformed data.  
 Dose level comparisons  Mean Diff.  Crit. Diff.  P-Value  Significance  
10000, 16  35.81  6.76  <.0001  S 
10000, 2000  27.19  6.76  <.0001  S 
10000, 400  35.81  6.76  <.0001  S 
10000, 80  35.81  6.76  <.0001  S 
16, 2000  -8.62  6.76  0.0131  S 
16, 400  0  6.76  .   
16, 80  0  6.76  .   
2000, 400  8.62  6.76  0.0131  S 
2000, 80  8.62  6.76  0.0131  S 
400, 80  0  6.76  .    
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Dose Trial 2 
 
Table  B6. ANOVA of disease incidence (lesions/cm
2) for Dose Trial 2.  Analysis 
was performed on rank transformed data.  
   DF  SS  MS  F-Value  P-Value 
Wounding   1  0  0  3.60E-04  0.98 
Dose   5  14385  2877  24.85  <.0001 
Wounding * Dose   5  226  45  0.39  0.85 
Residual  84  9725  116     
 
Table  B7. Fisher's PLSD for disease incidence (lesions/cm
2) for Dose Trial 2. 
Analysis was performed on rank transformed data.  
Dose level comparisons  Mean Diff.  Crit. Diff.  P-Value  Significance 
16, 80  0  7.39  .   
16, 400  0  7.39  .   
16, 2000  0  7.39  .   
16, 10000  -2.72  7.39  0.47   
16, 50000  -33.28  7.39  <.0001  S 
80, 400  0  7.39  .   
80, 2000  0  7.39  .   
80, 10000  -2.72  7.39  0.47   
80, 50000  -33.28  7.39  <.0001  S 
400, 2000  0  7.39  .   
400, 10000  -2.72  7.39  0.47   
400, 50000  -33.28  7.39  <.0001  S 
2000, 10000  -2.72  7.39  0.47   
2000, 50000  -33.28  7.39  <.0001  S 
10000, 50000  -30.56  7.39  <.0001  S 
 
Table  B8. ANOVA of disease severity (percent lesion area) for Dose Trial 2.  
Analysis was performed on rank transformed data.  
   DF  SS  MS  F-Value  P-Value 
Wounding   1  3  3  0.022  0.8813 
Dose   5  14142  2828  23.783  <.0001 
Wounding * Dose   5  200  40  0.337  0.8892 
Residual  84  9990  119       
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Table  B9. Fisher's PLSD for disease severity (percent lesion area) for Dose Trial 
2. Analysis was performed on rank transformed data.  
Dose level comparisons  Mean Diff.  Crit. Diff.  P-Value  Significance 
16, 80  0  7.48  .  	 ﾠ
16, 400  0  7.48  .  	 ﾠ
16, 2000  0  7.48  .  	 ﾠ
16, 10000  -2.97  7.48  0.43  	 ﾠ
16, 50000  -33.03  7.48  <.0001  S 
80, 400  0  7.48  .  	 ﾠ
80, 2000  0  7.48  .  	 ﾠ
80, 10000  -2.97  7.48  0.43  	 ﾠ
80, 50000  -33.03  7.48  <.0001  S 
400, 2000  0  7.48  .  	 ﾠ
400, 10000  -2.97  7.48  0.43  	 ﾠ
400, 50000  -33.03  7.48  <.0001  S 
2000, 10000  -2.97  7.48  0.43  	 ﾠ
2000, 50000  -33.03  7.48  <.0001  S 
10000, 50000  -30.06  7.48  <.0001  S 
 
Dose trial 3  
 
Table  B10. ANOVA of disease incidence (lesions/cm
2) for Dose Trial 3.  Analysis 
was performed on rank transformed data.  
   DF  SS  MS  F-Value  P-Value 
Block  8  7204  900  0.56  0.81 
Dose  3  26591  8864  5.56  0.0013 
W/NW  1  3320  3320  2.08  0.1514 
Residual  131  208879  1594       
 
Table  B11. Fisher's PLSD for disease incidence (lesions/cm
2) for Dose Trial 3. 
Analysis was performed on rank transformed data.  
Dose level comparisons  Mean Diff.  Crit. Diff.  P-Value  Significance 
10000 zsp/ml, 2000 zsp/ml  20.67  18.46  0.0284  S 
10000 zsp/ml, 20000 zsp/ml  -17.53  18.46  0.0625   
10000 zsp/ml, 5000 zsp/ml  4.28  18.46  0.65   
2000 zsp/ml, 20000 zsp/ml  -38.19  18.46  <.0001  S 
2000 zsp/ml, 5000 zsp/ml  -16.39  18.46  0.081   
20000 zsp/ml, 5000 zsp/ml  21.81  18.46  0.0209  S 
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Table  B12. ANOVA of disease severity (percent lesion area) for Dose Trial 3.  
Analysis was performed on hyperbolic arcsine-transformed data.  
   DF  SS  MS  F-Value  P-Value 
Dose  3  24  8  2.44  0.0671 
W/NW  1  14  14  4.05  0.0462 
Block  8  23  3  0.88  0.54 
Residual  131  437  3       
 
Table  B13. Fisher's PLSD for disease severity (percent lesion area) for Dose 
Trial 3. Analysis was performed on hyperbolic arcsine-transformed data.  
Dose level comparisons  Mean Diff.  Crit. Diff.  P-Value  Significance 
10000 zsp/ml, 2000 zsp/ml  0.57  0.86  0.19  	 ﾠ
10000 zsp/ml, 20000 zsp/ml  -0.60  0.86  0.17  	 ﾠ
10000 zsp/ml, 5000 zsp/ml  0.08  0.86  0.86  	 ﾠ
2000 zsp/ml, 20000 zsp/ml  -1.16  0.86  0.01  S 
2000 zsp/ml, 5000 zsp/ml  -0.49  0.86  0.26  	 ﾠ
20000 zsp/ml, 5000 zsp/ml  0.67  0.86  0.13    
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Motility Trial 1 
 
Table  B14. ANOVA of disease incidence (lesions/cm
2) for Motility Trial 1.  
Analysis was performed on rank transformed data.  
   DF  SS  MS  F-Value  P-Value 
Block  6  93  15  0.29  0.94 
Agitation  2  10512  5256  99.13  <.0001 
Dose  1  24995  24995  471.43  <.0001 
Block * Agitation  12  676  56  1.06  0.41 
Block * Dose  6  259  43  0.81  0.56 
Agitation * Dose  2  12617  6309  118.99  <.0001 
Residual  54  2863  53      
 
Table  B15. ANOVAs of disease incidence (lesions/cm
2) split out by agitation 
treatment for Motility Trial 1.  Analysis was performed on rank transformed data. 
 Nonagitated  DF  SS  MS  F-Value  P-Value 
Block  6  154  26  0.53  0.78 
Dose Treatment  1  21340  21340  438.91  <.0001 
Residual  20  972  49       
           
Pumped  DF  SS  MS  F-Value  P-Value 
Block  6  377  63  0.79  0.59 
Dose Treatment  1  0  0  4.51E-04  0.99 
Residual  20  1585  79       
           
Vortexed  DF  SS  MS  F-Value  P-Value 
Block  6  237  40  1.4  0.26 
Dose Treatment  1  16272  16272  576.08  <.0001 
Residual  20  565  28       
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Table B16. ANOVA of disease severity (percent lesion area) for Motility Trial 1.  
Analysis was performed on hyperbolic arcsine-transformed data.  
  DF  SS  F-Value  P-Value  Power 
Block  7  2.07  0.71  0.67  0.27 
Agitation Treatment  2  89.77  107.31  <.0001  1 
Dose Treatment  1  224.47  536.66  <.0001  1 
Block * Agitation   14  8.00  1.37  0.20  0.70 
Block * Dose   7  5.27  1.80  0.11  0.66 
Agitation * Dose   2  140.29  167.70  <.0001  1 
Block * Agitation * Dose   14  7.43  1.27  0.26  0.66 
Residual  48  20.08       
 
Table B17. Fisher's PLSD for disease severity (percent lesion area) for Motility 
Trial 1, split by dose. Analysis was performed on hyperbolic arcsine-transformed 
data.  
10000 zsp/ml  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  -0.514  0.492  0.0407  S 
Nonagitate, Vortex  0  0.492     
Pumped, Vortex  0.514  0.492  0.0407  S 
         
 30000 zsp/ml  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  4.79  0.491  <.0001  S 
Nonagitate, Vortex  0.371  0.491  0.1349   
Pumped, Vortex  -4.419  0.491  <.0001  S 
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Motility Trial 2 
 
Table  B18. ANOVA of disease incidence (lesions/cm
2) for Motility Trial 2.  
Analysis was performed on rank-transformed data.  
   DF  SS  MS  F-Value  P-Value 
Agitation  1  1343  1343  2.81  0.0969 
Wounding  1  17415  17415  36.48  <.0001 
Agitation * Wounding  1  3408  3408  7.14  0.0089 
Residual  92  43915  477       
 
Table  B19. ANOVAs of disease incidence (lesions/cm2) split out by wounding 
treatment for Motility Trial 2.  Analysis was performed on rank transformed data. 
Nonwounded  DF  SS  MS  F-Value  P-Value 
Agitation   1	 ﾠ 4514.38	 ﾠ 4514.38	 ﾠ 11.695	 ﾠ 0.0013	 ﾠ
Residual  46	 ﾠ 17756.323	 ﾠ 386.007	 ﾠ 	 ﾠ 	 ﾠ
           
Wounded  DF  SS  MS  F-Value  P-Value 
Agitation   1	 ﾠ 236.297	 ﾠ 236.297	 ﾠ 0.416	 ﾠ 0.5224	 ﾠ
Residual  46	 ﾠ 26158.406	 ﾠ 568.661	 ﾠ 	 ﾠ 	 ﾠ
 
Table  B20. ANOVAs of disease incidence (lesions/cm2) split out by agitation 
treatment for Motility Trial 2.  Analysis was performed on rank transformed data. 
Nonagitated  DF  SS  MS  F-Value  P-Value 
Wounding  1	 ﾠ 2708	 ﾠ 2708	 ﾠ 3.96	 ﾠ 0.0525	 ﾠ
Residual  46	 ﾠ 31436	 ﾠ 683	 ﾠ 	 ﾠ 	 ﾠ
           
Pumped  DF  SS  MS  F-Value  P-Value 
Wounding  1	 ﾠ 18116	 ﾠ 18116	 ﾠ 66.78	 ﾠ <.0001	 ﾠ
Residual  46	 ﾠ 12479	 ﾠ 271	 ﾠ 	 ﾠ 	 ﾠ
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Table  B21. ANOVA of disease severity (percent lesion area) for Motility Trial 2.  
Analysis was performed on hyperbolic arcsine-transformed data.  
   DF  SS  MS  F-Value  P-Value 
Block  7  65  9  4.74  0.0002 
Agitation  1  5  5  2.80  0.0994 
Wounding  1  73  73  37.14  <.0001 
Agitation * Wounding  1  15  15  7.72  0.0072 
Residual  64  125.00  1.95       
 
Table  B22. ANOVAs of disease severity (percent lesion area) split out by 
wounding treatment for Motility Trial 2.  Analysis was performed on hyperbolic 
arcsine-transformed  data. 
Nonwounded  DF  SS  MS  F-Value  P-Value 
Agitation   1  19  19  10.84  0.0019 
Residual  46  82  2       
           
Wounded  DF  SS  MS  F-Value  P-Value 
Agitation   1  1  1  0.37  0.54 
Residual  46  148  3       
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Motility Trial 3 
 
Table  B23. ANOVA of disease incidence (lesions/cm
2) for Motility Trial 3.  
Analysis was performed on hyperbolic arcsine-transformed data. 
  DF  SS  MS  F-Value  P-Value 
Agitation  2  18  9  29.50  <0.0001 
Wounding   1  20  20  64.75  <0.0001 
Agitation * Wounding   2  5  3  8.29  0.0005 
Residual  90  28.11  0.312     
 
Table  B24. Fisher's PLSD for disease incidence (lesions/cm2) for Motility Trial 3, 
split by wounding. Analysis was performed on hyperbolic arcsine-transformed 
data.  
Nonwounded  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  1.37  0.38  <.0001  S 
Nonagitate, Vortexed  1.46  0.38  <.0001  S 
Pumped, Vortexed  0.09  0.38  0.65    
         
Wounded  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  0.51  0.42  0.0181  S 
Nonagitate, Vortexed  0.38  0.42  0.0726   
Pumped, Vortexed  -0.13  0.42  0.54    
 
Table  B25. Fisher's PLSD for disease incidence (lesions/cm2) for Motility Trial 3, 
split by agitation. Analysis was performed on hyperbolic arcsine-transformed 
data.  
Pumped  Mean Diff.  Crit. Diff.  P-Value  Significance  
NW,	 ﾠW	 ﾠ -ﾭ‐1.13	 ﾠ 0.22	 ﾠ <.0001	 ﾠ S	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ 	 ﾠ 	 ﾠ
Vortexed  Mean Diff.  Crit. Diff.  P-Value  Significance  
NW,	 ﾠW	 ﾠ -ﾭ‐1.35	 ﾠ 0.23	 ﾠ <.0001	 ﾠ S	 ﾠ
	 ﾠ 	 ﾠ 	 ﾠ 	 ﾠ 	 ﾠ
Nonagitated  Mean Diff.  Crit. Diff.  P-Value  Significance  
NW,	 ﾠW	 ﾠ -ﾭ‐0.27	 ﾠ 0.62	 ﾠ 0.38	 ﾠ 	 ﾠ	 ﾠ
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Table  B26. ANOVA of disease severity (percent lesion area) for Motility Trial 3.  
Analysis was performed on hyperbolic arcsine-transformed data.  
  DF  SS  MS  F-Value  P-Value 
Agitation  2  57  29  45.70  <.0001 
Wounding   1  203  203  323.64  <.0001 
Agitation * Wounding   2  48  24  38.23  <.0001 
Residual  90  56  0.63     
 
Table  B27. Fisher's PLSD for disease severity (percent lesion area) for Motility 
Trial 3, split by wounding. Analysis was performed on hyperbolic arcsine-
transformed data.  
Nonwounded  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  3.05	 ﾠ 0.66	 ﾠ <.0001	 ﾠ S	 ﾠ
Nonagitate, Vortexed  3.19	 ﾠ 0.66	 ﾠ <.0001	 ﾠ S	 ﾠ
Pumped, Vortexed  0.13  0.66  0.68    
         
Wounded  Mean Diff.  Crit. Diff.  P-Value  Significance  
Nonagitate, Pumped  0.34	 ﾠ 0.46	 ﾠ 0.14	 ﾠ  
Nonagitate, Vortexed  -ﾭ‐0.03	 ﾠ 0.46	 ﾠ 0.89	 ﾠ  
Pumped, Vortexed  -0.37  0.46  0.11    
 